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Outline of presentation

Introduction to Phenotypic flexibility

One size fits all: added value of Phenotypic Flexibility

Responders vs Non-responders: metabotyping

Personalised nutrition using Phenotypic Flexibility

Putting all into perspective: added value of phenotypic flexibility for nutrition research

Biomarker-guided 

intervention

Intervention a
Intervention b

Intervention c

N=1



Efficacy quantification from food/nutrition is ‘challenging’

Free living subjects, compliance

Target population is healthy
Interaction between nutrients

Multiple mechanisms

Choice of reference

Inter individual variation

Subtle and long term effects

Multiple target tissues
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….ability to adapt and self-manage
in the face of social, physical and 
emotional challenges



The challenge concept:

Study and quantification of the stress response curve

Unsplash: picture by Jimmy ChangFrom: Dijk-Stroeve et al. Genes Nutr. 2015; 10:13
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Blood sampling at multiple time 

before (fasting) and several points 

after challenge
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Time course studies to monitor challenge test response

Measuring a broad set of different markers to learn about 

the effect of food and nutrition on the physiology 



Types of challenge test used in nutrition research
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Oral glucose tolerance test (OGTT)

glucose and insulin metabolism

Oral lipid tolerance test (OLTT)

fat metabolism

Mixed Meal tolerance test (liquid / meal)

Glucose, Lipid and Protein metabolism

Prolonged Fasting (i.e. 36 hrs of fasting)

Catabolic metabolism

E-coli, Vaccination, Rhinovirus challenge

(Non-innate) immunity, inflammation

e.g. Rubio-Aliaga et al. Metabolomics 2011; 7:375-387

e.g. Krug S et al. FASEB J. 2012;26(6):2607-19. 

e.g. Dijk-Stroeve et al. Genes Nutr. 2015;10:13. 

e.g. Morris et al. Lipids Health Dis. 2015; 14:65.

e.g. Turner RB et al. Benef Microbes 2017; 8(2):207-215; 

van Hoffen et al. Sci Rep (2021); 11(1);6060



Dynamic phenotyping

Compare different conditions: i.e. healthy versus diseased; 

young versus old; lean versus obese and learn from what 

processes and how metabolic processes are different in 

terms of dynamics
From: Wopereis et al. Genes Nutr. 2017; 12:21 and 

Dijk-Stroeve et al. Genes Nutr. 2015; 10:13



Conceptual framework for derailment of dynamic markers

From: Kardinaal et al. FASEB J. 2015; 29(11):4600-13



Statistical analyses & interpretation

Univariate approach:

1) AUC and kinetic derivatives

2) Linear models with individual time 

points

3) Kinetic modelling (e.g. PARAFAC)

Multivariate approach:

1) PCA

2) Network analysis

3) PCDA / PLSDA

4) ANOVA Simultaneous Component 

Analysis (ASCA)

5) Using prior information

From: Vis et al. Metabolomics 2015; 11:50-63

Conclusion: not standardised & biological –

clinical interpretation remains difficult! 



Can a challenge test quantify health benefits from nutrition?

36 overweight healthy male with elevated CRP

5 weeks supplement mix

cross-over design placebo vs intervention

10 healthy young male

before and after 4 weeks overfeeding 

(1300 kcal/day extra)

Bakker et al. Am J Clin Nutr. 2010; 91:1044-59.

Pellis et al. Metabolomics. 2012; 8(2):347-359.

Bouwman et al. BMC Med Gen. 2012; 6;5:1.

Kardinaal et al. FASEB J. 2015;29(11):4600-13.

18 Metabolic Syndrome (male & female)

12 weeks High MUFA diet before and after

29 healthy overweight middle-aged men

double-blind crossover study

effects of 4 wk high flavonol chocolate (HFC) 

vs normal dark chocolate (NFC)

50 healthy overweight and obese male and female

parallel study control vs intervention

effects of 12 wk whole wheat versus refined wheat

Esser et al. FASEB J. 

2014;28(3):1464-73

Cruz-Teno et al. Mol. Nutr. Food Res. 2012;56:854–865

Hoevenaars et al. JoN

2019,149(12):2133-2144



Health space analysis to interpret nutritional intervention effect

From: Hoevenaars et al. JoN 2019,149(12):2133-2144

Health space analysis may help to 

do an interpretation of multiple 

dynamic challenge responses 

related to separate health domains 

(i.e. using prior information) as a 

result from a nutritional intervention. 



Could phenotypic flexibility lead to a next generation health claims? 

Key developments needed:

1) Defined standardised 

challenge test

2) Defined markers 

representing benefit area

3) Defined model (i.e. health 

space) for interpretation

4) Determination of clinical 

relevance of significant 

effect 

From: Hoevenaars et al. Nutrients 2020, 12(10):2945

Good news: 

In 2017 the EFSA Scientific Committee proposes “ increased 

resilience to a challenge” as a beneficial nutritional health effect 



Metabolomics (2018) 14:46



FASEB J (2018) 32(10):5447-5458



Metabotypes represented responders and non-responders to weight loss health benefit

Inflexible (B) Flexible (A)

n= 40 male and female, BMI 30 kg/m220E% reduction

Improved Unchanged

5 kg weight loss 5 kg weight loss

** ***

Inflexible (B)

• 42%

• higher 

Flexible (A)

• 73%

• Higher

Adapted from: Fiamoncini et al. FASEB J 2018; 32(10):5447-5458



Towards personalised nutrition…

From: Krug et al. FASEB J 2012; 26(6):2607-19

“Interindividual variation can be extended 

and compressed by metabolic challenges: 

the accordion effect”

N=15 healthy male Caucasians within narrow BMI and age range

V13 & V14 may be related to the 

individual’s metabolic capacity in utilisation 

of fatty acids; strong correlation with 

C2/C16 carnitine ratio



Hallmark PREDICT study came to the same conclusion

N=1002 participants (UK), of 

which n=183 monozygotic

and n=47 dizygotic twins.

Validated in n=100 USA

From: Berry et al. Nat Med. 2020;26(6):964-973.

TG 6 hr rise

GlucoseiAUC0-2 hr

C-peptide 1 hr rise



First personalised nutrition study based on phenotypic flexibility

n=82 healthy 

men and women

“This study shows that a Personalised 

Systems Nutrition program in a 

workforce improves lifestyle habits and 

reduces body weight, BMI and other 

health-related outcomes. Health 

improvement was most pronounced in 

the compromised phenotypic flexibility 

subgroup, which indicates that 

Personalised Systems Nutrition 

program may be effective in targeting 

behavior change in health-

compromised target groups” 

From: de Hoogh et al. Nutrients 2021;13(6):1763



The personalised Systems Nutrition Program used in Habit study

Advice category Personalized Advice Personalization factor Personalization based 

on SNP

Personalized Diet types 

& SNP-based 

macronutrient advice

Protein intake Glucose tolerance, disposition 

index, BP

FTO

Carbohydrate intake WC, 2-h glucose FTO, ADAMTS9, 

GCKR

Micronutrient advice

Fiber intake Fasting glucose, 2-h glucose, 

LDL cholesterol, BP, WC

ADAMTS9,

TCF7L2

MUFA intake Disposition index, LDL, BP, 

fasting and postprandial TG

-

Omega-3 intake BP, fasting and postprandial 

TG, n-3 index

FADS1

Adapted from: de Hoogh et al. Nutrients 2021;13(6):1763



What is the potential of phenotypic flexibility for the nutrition field?

Adapted from: Griffiths et al. Eur J Nutr 2020;59(Suppl 2):11-23. 

Composite resilience 

biomarkers

Substantiation of 

health benefits 

from food and 

nutrition

Biomarkers of 

health instead of 

disease
Detection of 

metabotypes

Stratification of 

responders and 

non-responders

Next generation of 

health claims
Extension of 

interindividual 

variation
Individual diagnosis of 

health state

Bridge to personalised 

nutrition

Early detection of 

health derailment
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